The commercially available diagnostic tests for Chagas' disease employ whole extracts or semipurified fractions of Trypanosoma cruzi epimastigotes. Considerable variation in the reproducibility and reliability of these tests has been reported by different research laboratories, mainly due to cross-reactivity with other pathogens and standardization of the reagents. The use of recombinant antigens for the serodiagnosis of Chagas' disease is recommended to increase the sensitivity and specificity of serological tests. Expressed in Escherichia coli, as fusion products with glutathione S-transferase, six T. cruzi recombinant antigens (H49, JL7, A13, B13, JL8, and 1F8) were evaluated in an enzyme-linked immunosorbent assay for Chagas' disease. The study was carried out with a panel of 541 serum samples of chagasic and nonchagasic patients from nine countries of Latin America (Argentina, Bolivia, Brazil, Chile, Colombia, El Salvador, Guatemala, Honduras, and Venezuela). The optimal concentration of each recombinant antigen for coating of plates was determined with the help of 125 I-labelled recombinant proteins. While the specificity of the epimastigote antigen was 84% because of false positives from leishmaniasis cases, for the recombinant antigens it varied from 96.2 to 99.6%. Recombinant antigens reacted with 79 to 100% of serum samples from chronic chagasic patients. In this way, it is proposed that a mixture of a few T. cruzi recombinant antigens should be employed in a diagnostic kit to minimize individual variation and promote high sensitivity in the diagnosis of Chagas' disease.
The commercially available diagnostic tests for Chagas' disease employ whole extracts or semipurified fractions of Trypanosoma cruzi epimastigotes. Considerable variation in the reproducibility and reliability of these tests has been reported by different research laboratories, mainly due to cross-reactivity with other pathogens and standardization of the reagents. The use of recombinant antigens for the serodiagnosis of Chagas' disease is recommended to increase the sensitivity and specificity of serological tests. Expressed in Escherichia coli, as fusion products with glutathione S-transferase, six T. cruzi recombinant antigens (H49, JL7, A13, B13, JL8, and 1F8) were evaluated in an enzyme-linked immunosorbent assay for Chagas' disease. The study was carried out with a panel of 541 serum samples of chagasic and nonchagasic patients from nine countries of Latin America (Argentina, Bolivia, Brazil, Chile, Colombia, El Salvador, Guatemala, Honduras, and Venezuela). The optimal concentration of each recombinant antigen for coating of plates was determined with the help of 125 I-labelled recombinant proteins. While the specificity of the epimastigote antigen was 84% because of false positives from leishmaniasis cases, for the recombinant antigens it varied from 96.2 to 99.6%. Recombinant antigens reacted with 79 to 100% of serum samples from chronic chagasic patients. In this way, it is proposed that a mixture of a few T. cruzi recombinant antigens should be employed in a diagnostic kit to minimize individual variation and promote high sensitivity in the diagnosis of Chagas' disease.
Chagas' disease is caused by the protozoan parasite Trypanosoma cruzi, widespread on the American continent. It is estimated that 16 to 18 million people are currently infected and that approximately 90 million individuals living in areas where Chagas' disease is endemic are at risk of contracting T. cruzi infection. T. cruzi is normally transmitted through the feces of infected triatomid bugs. Control of vectorial transmission has been successfully achieved in several Southern Cone countries (26) , and blood transfusion is now the main way of acquiring the disease in these countries (25, 30) . The seroprevalence of Chagas' disease in blood donors is about 51% in Santa Cruz (Bolivia), 5.6% in Buenos Aires (Argentina), 0.18 to 12.4% in Chile, 0.7% in Brazil, and 5.3% in Paraguay (5, 30) . With increasing migrations of people from areas where Chagas' disease is endemic to more developed countries there is the possibility that blood transfusion transmission of Chagas' disease may become a worldwide problem (13, 25) .
Detection of anti-T. cruzi antibodies, by serological methods, is still the main method for the diagnosis of Chagas' disease. The commercially available diagnostic tests are based on the use of the whole extracts or semipurified fractions of the epimastigotes of T. cruzi (the noninfective form of the parasite), with a considerable variation in the reproducibility and reliability of the results obtained with different methods (1) . Crossreactivity to T. cruzi has been observed mainly in patients with leishmaniasis (3) or Trypanosoma rangeli infection (11) . Furthermore, some chagasic patients can present negative results by classical serology (17) . This scenario clearly indicates the need for better-defined antigens in the serodiagnosis of Chagas' disease (19) .
In recent years, recombinant DNA technology has been used to isolate and characterize T. cruzi antigens which are immunodominant in human infections (4, 6, 7, 10, 14, 21) . The evaluation of some defined antigens has shown promising results for the diagnosis of Chagas' disease (2, 12, 15, 16, (22) (23) (24) 31) . The first coordinated study to evaluate the diagnostic potential of recombinant antigens was undertaken by the World Health Organization (19) . An assessment of 17 recombinant antigens was carried out in a double-blind multicenter study with a limited number of sera that were sent to the participating laboratories. The sera were tested by using the immunoassays developed by each laboratory. This study allowed the ranking of the diagnostic recombinant antigens. In addition, this experience also showed that a given antigen could be assay restricted and while performing well in the laboratory of origin it could be less sensitive and/or specific when applied in alternative assay techniques. Consequently, the need to evaluate the potentiality of some of these antigens by standardized protocols and immunoassays has emerged.
In this direction, the Project of Biotechnology of the Programa Iberoamericano de Ciencia y Tecnologia para el Desarrollo organized a collaborative study for the serological evaluation of 10 recombinant antigens from three laboratories in South America. The reactivities of the recombinant antigens were initially assayed in a reference laboratory by using a phage dot blot immunoassay (15) . The data confirmed that several recombinant antigens were specifically recognized by a great majority of chagasic sera and proved that they may constitute the basis of a new generation of diagnostic reagents. However, the phage dot blot immunoassay is not suitable for serodiagnosis under routine conditions, since it requires the preabsorption of human sera with Escherichia coli extracts, to avoid any cross-reaction (15) .
To overcome this problem, in the present study six T. cruzi recombinant proteins in fusion with glutathione S-transferase (GST) were expressed in bacteria and used to develop an enzyme-linked immunosorbent assay (ELISA). The selected antigens (H49, JL7, B13, and JL8) are composed of tandem amino acid repeats and showed high sensitivity, specificity, and positive and negative predictive values in previous studies (15, 19) . We also included in this study two nonrepetitive antigens, A13 (21) and 1F8 (9) . The determination of the diagnostic efficiency of the ELISA for the six recombinant antigens was carried out with 541 serum samples from nine South and Central America countries (Argentina, Brazil, Bolivia, Chile, Colombia, El Salvador, Guatemala, Honduras, and Venezuela). This study reinforces the feasibility and importance of performing studies in order to standardize and improve the generation of new diagnostic reagents for Chagas' disease serodiagnosis.
MATERIALS AND METHODS
Study population. Serum samples from 541 individuals were used in this study: 304 from chronic chagasic seropositive patients and 237 from nonchagasic seronegative patients. Sera were collected in nine countries of South and Central America: 37 from Argentina (32 chagasic and 5 nonchagasic), 42 from Bolivia (32 chagasic and 10 nonchagasic), 178 from Brazil (38 chagasic and 140 nonchagasic), 49 from Chile (29 chagasic and 20 nonchagasic), 46 from Colombia (26 chagasic and 20 nonchagasic), 49 from El Salvador (49 chagasic), 46 from Guatemala (36 chagasic and 10 nonchagasic), 47 from Honduras (32 chagasic and 15 nonchagasic), and 47 from Venezuela (30 chagasic and 17 nonchagasic). The 140 nonchagasic Brazilian patients included (i) 50 blood donors from an area where Chagas' disease is endemic; (ii) 50 patients with unrelated diseases, as defined by their respective clinical, epidemiological, and serological diagnoses of their respective pathologies (1 patient infected with T. rangeli, 5 with toxoplasmosis, 4 with malaria, 4 with paracoccidioidomycosis, 5 with schistosomiasis, 8 with syphilis, 16 with connective tissue diseases and who were positive for antinuclear antibodies, and 7 with rheumatic fever); and (iii) 40 patients with active visceral leishmaniasis from a region where Chagas' disease is nonendemic, of whom 85% had samples that cross-reacted with T. cruzi antigens in the conventional serology. Aliquots of all sera were stored in buffered glycerol, pH 7.2 (vol/vol), as a stabilizer for freezer storage at Ϫ20°C to avoid protein damage in the freezethaw cycles (28) .
Recombinant antigens. The recombinant proteins selected for this study were H49, JL7, A13, B13, JL8, and 1F8 (Table 1) . These antigens are similar or identical to ones cloned by other laboratories and that had received different denominations (6, 19 ; Table 1 ). Antigens H49 and JL7 are similar to each other and consist, respectively, of 4.5 and 3.6 tandemly arranged repeated sequences of 68 amino acids (4, 14) . Antigens B13 (10) and JL8 (14) are composed of tandem repetitions of 12 and 18 amino acids, respectively. Antigen 1F8 (8, 9 ) is a 24-kDa flagellar calcium-binding protein, and antigen A13 (21) is a polypeptide of about 28.5 kDa.
Subcloning and purification of fusion proteins. The inserts encoding T. cruzi antigens were isolated from different vectors, subcloned into the EcoRI site of plasmid pGEX-A, and expressed as fusion polypeptides with the Schistosoma japonicum GST (EC 2.5.1.18). The fusion proteins were purified by affinity chromatography on glutathione-agarose beads as previously described (22) . The purity and specificity of the recombinant proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting with a pool of chagasic sera. Protein contents were quantified in the antigenic preparation by using the Macro-BCA protein assay reagent kit (Pierce).
T. cruzi epimastigote antigen. Whole antigenic extracts from T. cruzi epimastigotes were prepared as described previously (29) . Briefly, fresh epimastigotes, Y strain, grown in a liquid medium (liver infusion tryptose) were incubated in 0.3 N NaOH for 18 h at 4°C. After neutralization with 0.3 N HCl, the cellular lysate was centrifuged at 12,000 ϫ g for 1 min. The protein concentration was estimated in the supernatant by using the Macro-BCA protein assay reagent kit. Aliquots of the epimastigote antigen were stored at Ϫ70°C.
ELISA. ELISAs using the whole extract of epimastigote (epiELISA) and recombinant purified fusion proteins (recELISA) were performed as described previously (29) . The optimal concentrations of serum, antigens, and conjugate were determined by checkerboard titration. Aliquots of 50 l of epimastigote extract (6 g ml Ϫ1 ) or recombinant antigens were incubated in 96-well flatbottom microtiter plates (Nunc, PolySorp, Roskilde, Denmark) in a 0.05 M carbonate-bicarbonate buffer, pH 9.6, for 18 h at 4°C. The unbound material was discarded, and plates were blocked for 1 h with phosphate-buffered saline-Tween 20 (0.05%) (PBS-T) containing 5% defatted milk (Nestlé). The sera (50 l) were added, diluted 1:50 (recELISA) or 1:200 (epiELISA) in PBS-T-1% milk, and incubated for 1 h at 37°C. After five washes in PBS-T-5% milk, peroxidaseconjugated goat anti-human immunoglobulin G (IgG) (Sigma), diluted 1:6,000 in PBS, was added, and the mixture was incubated for 1 h at 37°C. After new cycles of washes the immune complexes were revealed by the addition of hydrogen peroxide and O-phenylenediamine dihydrochloride. After 30 min of incubation at 37°C in the dark, the reaction was stopped with 4 N HCl, and the absorbance at 492 nm was determined in a Labsystem Multiskan MS plate ELISA reader. All the experiments were carried out in duplicate and repeated at least twice on different days.
Data analysis. The figures of samples recorded as optical densities at 492 nm (OD 492 ) were distributed by using computer graphics software. The cutoff values of each antigen in ELISA were calculated as the mean OD 492 of sera from 30 blood donors plus 3 standard deviations (SD). Cutoff values were established for each antigen to obtain the highest possible sensitivity. The values of sensitivity and specificity were calculated as described before (15) .
RESULTS
Development of recombinant antigen-based serodiagnosis by ELISA. T. cruzi recombinant antigens were produced as GST fusion proteins and purified by affinity chromatography on gluthatione-agarose beads. Yields of the purified proteins were between 10 and 34 mg per liter of culture. The relative molecular masses of the fusion proteins were as expected from the sizes of the coding regions of the corresponding insert plus 27.5 kDa for the GST (Table 1 ). All recombinant antigens were specifically recognized by human chronic chagasic antibodies in a Western blotting assay (data not shown).
Control experiments were first performed to check the specificity and sensitivity of the ELISA with each one the recombinant antigens. The ideal concentration of each antigen to coat the microtiter plates was determined by using recombinant antigens labelled with 125 I and purified by chromatography on Sephadex G-25 columns. The optimal coating concen- VOL. 37, 1999 RECOMBINANT ANTIGENS FOR CHAGAS' DISEASE DIAGNOSIStration of recombinant protein per well was 15 ng for H49, 100 ng for JL7, 20 ng for A13, 25 ng for B13, 100 ng for JL8, 50 ng for 1F8, and 50 ng for the control GST. The specificity of the antibody binding was confirmed by performing competitive inhibition assays with homologous and heterologous recombinant antigens (data not shown). Sensitivity and specificity of the recombinant antigens. IgG survey in the serum samples of 304 chagasic patients showed that the values of positivity (Table 2 and Fig. 1 ) varied according to the recombinant antigen and the geographical origin of the patient. The global analysis of 304 chronic chagasic sera (Tables 2 to 4) showed that the lowest and highest positivity values were presented by A13 antigen (87%) and JL7 and 1F8 antigens (99%) ( Table 2 ). The epimastigote antigen (epiELISA) showed the highest OD 492 arithmetic mean and sensitivity (mean Ϯ SD; sensitivity) ( (Tables 3 and 4; Fig. 1 ).
The specificities of recombinant antigens were analyzed with 237 serum samples from nonchagasic patients, including healthy individuals and individuals with other parasitic or unrelated diseases (see Materials and Methods). The epimastigote antigen displayed a specificity of 99.5% when assayed with 197 nonchagasic sera, excluding patients with leishmaniasis (Table 3) with active visceral leishmaniasis were included in this study the specificity of the epimastigote antigen diminished to 84%. These results confirm previous observations on the presence of cross-reacting antigens between T. cruzi and Leishmania spp. (3, 18) . The specificity values of the recombinant proteins for the 237 nonchagasic sera, including the leishmaniasis patients, varied from 96.2% (JL8) to 99.2 to 99.6% (B13 and A13-1F8). The recombinant antigens H49 and JL7 reacted weakly with six and seven serum samples from patients with leishmaniasis, respectively. No cross-reaction was detected with antigens 1F8 and JL8. Taken together, our results indicate that the recombinant antigens are more specific for the detection of anti-T. cruzi antibodies than for that of the whole epimastigote antigen.
Control experiments performed with GST, the support protein from S. japonicum present in the recombinant protein, showed a sensitivity of 4.2% (with 304 chronic chagasic sera) and a specificity of 98.7% (with sera from 237 nonchagasic individuals). A previous report indicates that a strong homology exists between GSTs from S. japonicum and Schistosoma mansoni (27) . Therefore, we investigated whether sera of individuals infected with S. mansoni, who have a high prevalence in some areas where Chagas' disease is endemic, reacted with this GST. Interestingly GST did not react with sera from patients with S. mansoni infection. From these results we concluded that the reactivity of the recombinant peptides was specific for the T. cruzi component, since only some chagasic and nonchagasic individuals reacted, at low titers, with GST, the portion of the fusion protein that is not related to T. cruzi (Table 3) .
Geographic focus and variations in the performance of the recombinant proteins. Strain variation and host-related factors (genetic background, history of exposure, etc.) may be responsible for the heterogeneity of recognition of the T. cruzi antigens in the conventional serology. An important question is if these factors could also affect the performance of the recombinant antigens. Data presented in Table 2 show that there is some variation in the positivities of the recombinant antigens. To better investigate this aspect, data obtained with sera from patients in different geographic regions were analyzed independently ( Fig. 1 and 2 ; Tables 2 and 4 ). Figure 1 shows the distribution of OD 492 obtained with the epimastigote and recombinant antigens with serum samples from nine Latin American countries. As expected, ODs obtained with epiELISA were higher than those obtained with the recombinant antigens, which is probably due to the presence of a large number of antigenic determinants in the whole parasite extract. Only one exception to this rule was found with serum samples from Guatemala. No differential reactivity of epimastigote and recombinant antigens was observed with serum samples from this country (Fig. 1) .
Analysis of linear data dispersion (Fig. 2) and the correlation coefficient (r) were calculated between epimastigote antigen and each recombinant antigen. Data were analyzed by grouping the countries in three groups: group 1 (Argentina, Bolivia, Brazil, and Chile), group 2 (Venezuela and Colombia), and group 3 (El Salvador, Guatemala, and Honduras) (Fig. 2) . They suggest the existence of an association between the reactivity pattern of the recombinant antigens and the geographical origin of the serum samples (Fig. 1) . The graphic of correlation dispersion between recombinant proteins compared with epimastigote antigen of sera from patients in Southern Cone countries (Argentina, Bolivia, Brazil, and Chile) presented higher r values for all the recombinant antigens. In groups 2 (Venezuela and Colombia) and 3 (El Salvador, Guatemala, and Honduras), the r values varied according to the antigen (Fig. 2) .
DISCUSSION
Serological methods are widely accepted for the diagnosis of Chagas' disease. The commercially available diagnostic tests are based on the whole or semipurified extracts of T. cruzi. The lack of specific and well-characterized antigens prepared under quality-control conditions has introduced a source of variability in the final reagent, and controversial results have been obtained with these reagents (1) . To overcome this problem, we evaluated the diagnostic efficiencies of six recombinant antigens produced in the same bacterial expression system. The assays were carried out by the same laboratory with the ELISA, and the relative indices of sensitivity and specificity were evaluated with sera from 304 chagasic and 237 nonchagasic patients, collected in nine countries of Latin America. The OD 492 were compared to those obtained with the whole extract of epimastigote forms.
Four recombinant antigens (1F8, H49, JL7, and B13) showed high sensitivities varying from 93.4 to 99%, and the mean OD 492 was between 1.18 to 1.47. As expected, high levels of antibodies against repetitive amino acid antigens (H49, JL7, and B13) were found in a large number of individuals living in areas where Chagas' disease is endemic. The performance of recombinant protein H49 was similar to that of antigen JL7, since they have the same antigenic repeats (4, 14) . The sensitivity (99%) and specificity (99.6%) of 1F8 antigen are comparable to those of other repetitive antigens, indicating that chronic chagasic patients also display antibodies against nonrepetitive antigens. In order to improve the specificity of serodiagnostic tests, we believe that the nonrepetitive antigen 1F8 should be included in the multiantigen immunoassay. Available recombinant antigens react with 87 to 99% of the chronic chagasic sera, suggesting that the combination of two or more antigens In this study the epimastigote antigen showed 100% sensitivity and a mean OD 492 (Ϯ SD) of 1.66 Ϯ 0.53. However, the specificity of the epimastigote antigen was lower (84%) than that of recombinant proteins which displayed specificity values between 96.2% (JL8) and 99.6% (A13, B13, and 1F8). The lower specificity of the epimastigote antigen is mainly due to cross-reacting epitopes between T. cruzi and Leishmania spp. (3, 18, 28) . In fact, 34 (of 40) sera from leishmaniasis patients reacted with the epimastigote antigen. From these results, we conclude that one of the major advantages of the recELISA for the serodiagnosis of Chagas' disease is the lack of cross-reaction with other parasitic diseases such as leishmaniasis.
FIG. 2.
Linear regression distribution of OD 492 data of recombinant antigens H49, JL7, A13, B13, JL8, and 1F8 and epimastigote extract (Epi) in sera from chagasic patients and correlation coefficient (r) values for group 1 (Argentina, Bolivia, Brazil, and Chile) (circles), group 2 (Colombia and Venezuela) (squares), and group 3 (El Salvador, Guatemala, and Honduras) (triangles).
Individual serum samples reacted to the various recombinant antigens in different ways. The most important variations in the ODs were found with antigens A13 and JL8, which presented coefficient of variation values of 63 and 57, respectively (data not shown). When positivity data obtained in different geographic areas were compared, the variation of recognition by isolated antigens was more marked, e.g., higher ODs were obtained with sera from patients in Colombia and Venezuela (group 2) than those in Southern Cone countries (group 1). An intense variation of the OD data could be observed among different countries, depending on the antigen used (Fig. 1) . Strain heterogeneity and host-related factors (genetic background, history of exposure, etc.) may be responsible for the variability of recognition of the recombinant antigens. In fact T. cruzi is not a homogenous population of parasites; it is composed rather of a pool of subpopulations (strains) that present a high heterogeneity in biological parameters and genetic characteristics. It has been suggested that the variability among T. cruzi isolates in conjunction with the immunogenetic features of the human host may be responsible for the large spectrum of clinical manifestations of Chagas' disease, such as the indeterminate form, the different degrees of cardiomyopathies, and the digestive forms (20) .
Serum samples from chagasic patients reacted with, at least, one recombinant antigen, suggesting that a mixture of recombinant antigens could be able to detect anti-T. cruzi antibodies in all the serum samples used in this study. The positivity of a hypothetical antigenic mixture composed of the recombinant peptides H49 or JL7, B13, and 1F8 was calculated as 100%. We believe that the use of a cocktail of recombinant antigens will minimize the individual variation and a high sensitivity will be achieved. Different complementary antigens could be combined in a relatively simple immunoassay, and this combination may lead to the development of a multiantigen diagnostic kit standardization for the routine diagnosis of Chagas' disease.
